Abstract. Subrosion is the subsurface leaching of soluble rocks that results in the formation of depression and collapse structures. This global phenomenon is a geohazard in urban areas. To study near-surface subrosion structures four shear-wave reflection seismic profiles with a total length of ca. 332 m were carried out around the famous leaning church tower of Bad Frankenhausen in northern Thuringia, Germany, which shows an inclination of 4.93°from the vertical. Most of the geological underground of Thuringia is characterized by soluble Permian deposits, and the Kyffhäuser-Southern-Margin Fault is assumed 5 to be a main pathway for water to leach the evaporite. The seismic profiles were acquired with the horizontal micro-vibrator ELVIS developed at LIAG and a 72 m long landstreamer equipped with 72 horizontal geophones. The high-resolution seismic sections show subrosion-induced structures to a depth of ca. 100 m and reveal five features associated with the leaching of Permian deposits: (1) lateral and vertical varying reflection patterns caused by strongly heterogeneous strata, (2) discontinuous reflectors, small offsets and faults, which show the underground is strongly fractured, (3) formation of depression structures in 10 the near-surface, (4) diffractions in the unmigrated seismic sections that indicate an increased scattering of the seismic waves, (5) varying seismic velocities and low-velocity zones that were presumably caused by fractures and upward-migrating cavities.
Introduction
Subrosion, the underground leaching of soluble rocks, is a global phenomenon and the entire process is not yet well understood. It requires the presence of soluble rocks (e.g. evaporites), unsaturated water (e.g. groundwater and meteoric water), and fractures or faults that enable the unsaturated water to circulate in order to create subsurface cavities (Smyth, 1913; Martinez 20 et al., 1998; Galloway et al., 1999; Lauritzen & Lundberg, 2000; Yechieli et al., 2002) . Depending on the leached material and the parameters of the subrosion process, especially the dissolution rate (Cooper, 1986) , different kinds of structures may evolve in the subsurface. The two main types are (1) collapse and (2) depression structures (for a detailed classification sees church tower in the medieval city center of Bad Frankenhausen. To date, geophysical methods that image the near-surface down to ca. 100 m depth with high-resolution, are still missing. Here, the application of shear wave reflection seismics using equipment and surveying configurations adapted for urban areas may fill this gap. This is tested for the specific location in Bad Frankenhausen, with four shear wave reflection seismic profiles that were carried out around the leaning church tower. This paper shows the capabilities of high-resolution shear-wave reflection seismics to detect and characterize subrosion-controlled 5 unstable zones and structures.
Geological setting
The city of Bad Frankenhausen is located in northern Thuringia in Germany at the southern border of the Kyffhäuser hills ( Fig. 1) , a small range of hills in Germany, bounded by the Harz mountain range to the north and the Thuringian Basin to the south (for an entire regional overview see Seidel (2003) ). The N-S extension of the Kyffhäuser hills is ca. 6 km and the W-E 10 extension ca. 13 km, with the highest peak being at 473 m a.s.l. The surrounding areas have a mean altitude of 150 m a.s.l.
The Kyffhäuser hills are bounded by several faults. To the north, south of the city of Kelbra, is the NW-SE trending Kyffhäuser-Northern-Margin Fault, which belongs both to the Kyffhäuser-Crimmitschau Fault Zone and the Kelbra Fault Zone. The fault has an offset of ca. 600 m in the central part and ca. 250 m near the tips of the fault (Schriel & Bülow, 1926a, b; Franzke et al., 1986) . The northward-dipping W-E trending Kyffhäuser-Southern-Margin Fault (KSM Fault) is located south 15 of the Kyffhäuser hills in the northern part of Bad Frankenhausen (Schriel & Bülow, 1926a, b) . Other large fault zones of this region are the Kelbra Fault Zone, the Finne-Gera-Jachymov Fault Zone and the Hornburger Fault (Katzung & Ehmke, 1993; Puff, 1994; Seidel, 1998) .
The sediments in the south of the low hill range and north of Bad Frankenhausen are deposits from the Zechstein Sea, which was an epicontinental ocean during the Permian. Due to sea-level changes, conglomerates, carbonates, sulfates, and salt were 20 cyclically deposited (Richter & Bernburg, 1955) . The main marine formations, in order from stratigraphically lower to higher, are Werra, Staßfurt and Leine, with the first two being the most common in the research area. The Werra Formation consists of anhydrite, limestone, copper shales, and conglomerates (Schriel & Bülow, 1926a, b) . Anhydrite and gypsum layers are also part of the Staßfurt Formation (Schriel & Bülow, 1926a, b; Kugler, 1958; Reuter, 1962) .
The marine sedimentation phase was followed by the terrestrial sedimentation phase of the Triassic Buntsandstein with 25 claystones, sandstones and shales, which are only found outside the low hill range at isolated spots, whereas Muschelkalk and Keuper are found a few kilometers south of Bad Frankenhausen. Cretaceous and Jurassic deposits are not found in the entire area (Schriel & Bülow, 1926a, b; Beutler, 1995; Knoth et al., 1998; Beutler & Szulc, 1999) .
During the Early Tertiary, the northern part of the Kyffhäuser was uplifted again (Freyberg, 1923) and tilted, resulting in a 300 m fault throw on the northern margin and a southward-dipping terrain. Therefore, the low hill range is described as a 30 half-horst as is the Harz Mountain (Katzung & Ehmke, 1993; Puff, 1994; Seidel, 1998) . Tertiary deposits are exposed only at isolated locations at the southern and western margins (Schriel & Bülow, 1926a, b) . In contrast the Quaternary sediments with e.g., glacial till, detritus and loess cover a large area (Schriel & Bülow, 1926a, b; Kahlke, 1975 Kahlke, -1990 .
The entire region south of the Kyffhäuser is affected by subrosion (Schriel & Bülow, 1926a, b; Reuter, 1962) (Fig. 2) . The accumulation of subrosion structures south of the Kyffhäuser is the result of the combination of soluble rocks (Zechstein Formations) in the subsurface and their contact with fresh water from the southward-draining hill range that ascends alongside the KSM Fault (Reuter, 1962) . The presence of salt springs due to salt water ascension and the occurrence of numerous sinkholes and depressions at the surface are indicators of soluble rocks near the surface like the Zechstein Formations (Kugler, 5 1958; Reuter, 1962) . Especially these formations contain many fractures and faults, which disturb the mechanical integrity of the subsurface. Additionally the fractures and faults serve as pathways for meteoric and groundwater. The dissolution probably occurs along these features, as shown by a study of Kaufmann (2014) who investigated three research areas in the vicinity of the Harz Mountains in Germany with geophysical surveys using gravimetric, electric and magnetic methods and numerical modelling.
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The Barbarossa Cave located ca. 5 km westward of Bad Frankenhausen is situated in anhydrite of the Werra Formation and is proof of the leaching processes that occurred in the geological past (Steinmüller & Siegel, 1963) . One of the oldest sinkholes of the region is called Quellgrund, first mentioned in records in 998, and located in the medieval center of Bad Frankenhausen (Fig. 3a) . The largest sinkhole of the Kyffhäuser region is the so called 'Äbtissinnen Grube' between Rottleben and Bad (Fig. 3b) . The most famous subrosion phenomenon is the leaning church tower (Fig. 3c ) in the medieval center of Bad Frankenhausen, northeast of the Quellgrund sinkhole (Reuter, 1962) . It is estimated that the tower started tilting in 1640 and its current inclination is 4.93°from the vertical (Scheffler & Martienßen, 2013) , which exceeds that of the leaning tower of Pisa at 3.97°. Additionally, 20 almost all buildings in the area around the leaning tower have cracks. Repeated leveling surveys indicate a constant subsidence of the whole area (Scholte, 2011) .
Surveying around the leaning church tower is challenging regarding geophysical investigations. Since the church is located in the medieval center of the town the area is densely built-up. In addition the topography is strongly alternating and different soil conditions are present at the surface. 
Seismic survey
Four shear wave reflection seismic profiles were carried out around the leaning church tower of the Oberkirche in Bad Frankenhausen (Fig. 4, 5 & 6) . Profile S1 was carried out on unpaved ground beside the church and crossed over remains of walls of the medieval city. Along the profile the topographic elevation decreases from 155.2 m to 146.6 m from NE to SW (Fig. 5a,b) . Profile S2 runs to the east of the leaning tower on unpaved ground and on a cobbled street known as Schwedengasse.
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As an additional challenge stairs were crossed with this profile (Fig. 5c,d ). The topographic elevation alongside profile S2 increases from 148.3 m to 157.4 m from south to north. Profile S3 was carried out on unpaved ground and is located on a ca. 0.5 m narrow path behind the church. The topographic elevation decreases from 151.2 m to 148.3 m from SE to NW (Fig. 5e,f) . Profile S4 investigated the subsurface below the street Am Schlachtberg, which is surfaced by asphalt and concrete.
The topographic elevation decreases from 158.3 m to 147.8 m from north to south (Fig. 5g,h ). To meet the requirements of this challenging investigation area the equipment and the configuration used for the shear wave reflection seismics had to be adapted by splitting the landstreamer.
For the seismic surveying a horizontal micro-vibrator as source (Fig. 6 ) and horizontal geophones as receivers were used 5 in SH configuration. This source-receiver combination reduces converted waves and enables straight forward data processing.
The slower seismic velocities of SH waves enable images of higher resolution than using P waves (Dasios et al., 1999; Inazaki, 2004) . A further advantage is the autonomous suppression of surface Love waves, which occurs if the first subsurface layer is of higher seismic velocity than the second layer, which is often the case on paved or compacted roads.
The electro-dynamic micro-vibrators ELVIS 6 and ELVIS 7 (Fig. 6 ) are basically comparable and are used to generate 10 horizontally-polarized shear waves (Polom, 2003; Druivenga et al., 2011; Krawczyk et al., 2012) . ELVIS 7 was used due to technical problems with ELVIS 6. The most important advantage of these small sources is the usability in urban areas (Hoffmann et al., 2008; Krawczyk et al., 2013) , such as the medieval center of Bad Frankenhausen, which is extremely builtup. Secondly, an enhanced signal-to-noise ratio (S/N ratio) due to the correlation of the sweep and the recorded data, which compresses the time-stretched signal to a short wavelet comparable to an impulse signal and the noise outside of the sweep 15 frequency range is also reduced (Yilmaz, 2001 ).
The micro-vibrator enables good ground coupling even in areas difficult to access due to the small base plate and a total weight of ca. 95 kg, which can be increased by a person sitting on top of the micro-vibrator (Krawczyk et al., 2012) . Coupling to the ground is important, because the maximum investigation depth depends partly on the emitted energy; other important factors are e.g., the thickness of the weathering layer, the scattering of the seismic wave and the number and size of fractures 20 (Brückl et al., 2005) .
To record the reflected seismic shear waves, 72 horizontal geophones of type SM-6 (Input/Output Inc., 1999) attached to a landstreamer were used (Krawczyk et al., 2012) . The landstreamer was mainly adapted for near-surface reflection seismic profiling on paved or compacted ground and uses a fixed geophone spacing of 1 m. Typically, the streamer is towed by a car that contains the recording system (Krawczyk et al., 2012) . The trigger signal was emitted simultaneously with the start of the 25 sweep signal to begin the digital recording. Both, trigger and sweep were sent via cable from a generator developed at LIAG (Krawczyk et al., 2012 (Krawczyk et al., , 2013 .
The four shear-wave reflection seismic profiles (total length of ca. 332 m) were gathered in July 2014. Since the target depth was ca. 80 m and due to the limited space at the surface, a fixed receiver-configuration with only the source moving forward was used. Prior to the survey the landstreamer was adapted for the limited space in Bad Frankenhausen and separated into three 30 parts for manual handling, each containing 24 geophones. The vibration point distance was 2 m, 4 vibrations were excited at each vibrator location using alternating polarities. Therefore the mean CMP-fold of the profiles results in an average of 18 seismic traces per CMP. The sweep frequency was 20 to 160 Hz and the sweep had a length of 10 s (Table 1 ) and the record length was 12 s. Each profile was geodetically surveyed using an electronic tachymeter referenced by DGPS-based fix points.
Data processing
The data processing contained two main steps, first, the preprocessing and second, the post-geometry processing (( Table 2); for detailed explanations regarding the processing algorithms see Hatton et al. (1986) ; Lavergne (1989) ; Baker (1999) The first step of data preprocessing was to check the geodetic coordinates for induced DGPS errors caused by limited satellite 5 access. If the derivation was ≥ 1 cm the coordinates were manually corrected. The mean errors were 5 cm for S1, 8 cm for S2, 2 cm for S3, and 5 cm for S4. After loading the data into the processing software a visual examination of each single record was done for quality assessment and to remove noisy traces (Fig. 7) . The following vibroseis correlation correlated the pilot sweep with the recorded traces in order to compress the time-stretched signal to a short wavelet such as an impulsive signal.
Afterwards the survey geometry was installed and a crooked-line binning using a 0.5 m bin interval was applied.
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The first steps of the post-geometry processing sequence were amplitude scaling and frequency filtering to enhance the reflection response and to attenuate noise to improve the resolution and the data quality. To accomplish that an automatic gain control (AGC, 220 ms), a bandpass filter (15/17 Hz-163/165 Hz) and amplitude normalization were applied to our data.
Subsequently, the four records of every vibrator location were vertically stacked to improve the Signal-to-Noise ratio (S/N ratio), by reducing the statistically-distributed noise and amplification of the seismic response. In this processing stage the 15 records of the four seismic datasets needed different handling because of varying data quality, caused by the different surface conditions. In the proximity of the source high-frequency noise and harmonic distortions caused by impaired source coupling were observed in the records in all profiles. S1 and S2, which have a noticeable change in the topographic elevation of almost 10 m, were carried out mostly on unpaved soil and on cobblestone. As a consequence the coupling of the base plate to the surface was often hampered, resulting in partly strong harmonic distortions (Fig. 7) . S3 was also carried out on unpaved soil, 20 but the source could be balanced better leading to better ground coupling of the base plate. S4 was surveyed on a sloping terrain, but in contrast to S1 and S2 the surface was paved by asphalt and concrete, leading to less harmonic distortions due to better ground coupling of the source. Besides the vertical stack the S/N ratio was additionally improved by individually muting the data parts of each profile that were irrelevant for the following processing steps using a top mute.
The following processing steps were performed iteratively. Since most of the reflection signals were covered by noise and 25 harmonic distortions the top mute was followed by a frequency-wavenumber filter (FK Filter), which eliminated the disturbing effects of the noisy frequencies and the harmonic distortions (Fig. 8) . For each of the four datasets an individual FK filter was applied followed by a bandpass filter of 15/17 Hz-85/87 Hz, because iterative frequency analyses revealed that the reflection signals contain mostly frequencies below 85 Hz. To prepare the data for the next processing steps, the datasets were sorted from shot domain sort to CMP domain sort. The analysis intervals were 5 m or 10 m in order to capture the lateral velocity variations.
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Using the Normal Move-Out correction the reflection hyperbolas were corrected to get zero-offset travel times. Residual statics correction reduced the inaccuracies at the near-surface. Afterwards the CMPs were stacked and the first seismic sections were created. After generating the seismic time sections of the four SH-wave profiles, they were examined in detail in order to iteratively improve the velocity analysis and the data processing (Fig. 9a) . Due to some remaining noise a frequency analysis 6 Solid Earth Discuss., doi :10.5194/se-2016-91, 2016 Manuscript under review for journal Solid Earth Published: 1 July 2016 c Author(s) 2016. CC-BY 3.0 License.
was conducted on the stacked data and as a result a Bandpass Filter was applied (Fig. 9b) . The final frequency bandwidths were 17/19 Hz-68/70 Hz for S2 and 17/19 Hz-73/75 Hz for S1, S3 and S4, although the main parts of the reflection signals were between ca. 20 and 60 Hz. In combination with the application of individual Spectral Balancing applied on each of the four profiles the resolution was improved (Fig. 9c) . Afterwards a FD-migration processing was applied to shift the reflectors towards their correct position and to remove diffraction signatures. Finally the seismic sections were converted into depth sections to 5 enable a lithological correlation with five wells located near the leaning church tower.
Structural imaging and Interpretation
In the following, reflection patterns, seismic velocities and interpretations of the seismic sections are described (Figs. 10, 11) . The seismic attributes, amplitude and continuity, were used for the analysis of the reflection pattern in the unmigrated time sections (Fig. 10a) . Profile S1 shows reflectors of high amplitudes from the surface down to 100 ms TWT, especially 10 between 20 m and 60 m horizontal distance (Fig. 10a, S1 ). The underlying patterns down to 1200 ms TWT are characterized by discontinuous reflectors with small offsets and vertical differences of up to ca. 60 ms TWT (ca. 1-10 m) (e.g. between 60 m and 80 m distance and 200-600 ms TWT), and by a partly weaker reflection pattern that is recognizable by lower amplitudes.
Dipping reflectors are also present, particularly in the near-surface (e.g. between 50 m and 80 m distance and 50-300 ms TWT). Besides these features, diffractions are present, especially in the area below 600 ms TWT. In section S2 the highest 15 amplitudes are found in the uppermost 100-150 ms (Fig. 10a, S2 ). Down to 1200 ms TWT the seismic section S2 shows the same characteristics as S1 with offsets that result in discontinuous reflectors (e.g., between 40 m and 80 m distance and 200-600 ms TWT). Shallow-dipping reflectors at the near-surface (e.g. between 30 m and 80 m distance and 10-200 ms TWT) and diffractions, especially below 400 ms TWT are also present. Section S3 is comparable with S1 and S2 because the reflectors are strongly discontinuous (e.g. between 40 m and 70 m distance and 150-600 ms TWT). The highest amplitudes are found in the 20 uppermost 200 ms TWT (Fig. 10a, S3) . Diffractions, which are not as pronounced as in sections S1 and S2, are visible below 500 ms TWT. Some dipping reflectors are present in the first 200 ms TWT between 40 m and 60 m distance. The reflection pattern of S4 is not comparable with the other profiles, because in contrast, the reflectors are more continuous, of higher amplitude, and most of them dip southward (e.g., between 15 m and 60 m distance and 200-600 ms TWT). No diffractions occur in the lower half of the profile (Fig. 10a, S4 ).
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Six features are similar for all profiles. Firstly, the reflection patterns show lateral variations. Secondly, the highest amplitudes are found in the uppermost 150-200 ms TWT, at least in the sections S1, S2 and S3, and thirdly, there is a partly weak reflection pattern below 200 ms TWT. Fourthly, discontinuous reflectors with small offsets that have vertical differences of ca. 1 m to 10 m. Fifthly, the downward-dipping reflectors located at the subsurface form depression-like structures. Sixthly, diffractions are visible in the sections S1, S2 and S3.
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One of the key factors in obtaining a good image of the underground is the generation of a proper velocity field (Fig. 10b) . (Fig. 10b, S1 ). (Fig. 10b, S2) . In the first 100 ms TWT the interval velocity increases from 180 m s between 0 and 100 ms TWT (Fig. 10b, S3 ). Similar to the sections S1 and S2, S3 shows a low-velocity zone between ca. and show no remarkable low-velocity zone (Fig. 10b, S4 ).
Interpretation
For geological interpretation the reflection patterns and the shear wave velocities were correlated with lithologies derived from nearby boreholes (Fig. 11) . Since the three boreholes located around the leaning church tower all show almost identical 15 lithologies, only the lithologies of the research borehole Ky 1/2014 are described in detail (Fig. 11a) Combining all structural and lithologic information leads to the following geological interpretation (Fig. 11b, c) . , are typical of unconsolidated Quaternary deposits, if compared to studies in other research areas (Gomberg et al., 2003; Brückl et al., 2005) . The reflectors below, down to 150 m depth, represent various Zechstein deposits. The discontinuous reflection patterns and the small 30 offsets are indicators of faults and a strongly fractured strata. This is visible in sections S1 and S2 at ca. 40 m and 80 m depth (Fig. 10a, S1 & S2) . The faults in the near-surface partly form conjugate normal faults, and the layers are displaced along these structures. The sediments are falling into these secondary openings due to the constant subrosion. As a result, depressions The low-velocity zones occur predominantly in the proximity of these depressions at ca. 20 to 40 m depth (Fig. 10b) . The depression in the W-E trending profile S1 is located ca. 8 m north of the church (Fig. 11c, S1 ). It has an extent of ca. 30 m and reaches a depth of ca. 20 m. The immediate proximity of this depression to the leaning tower and the diffractions at depths 5 of 40 m, which are probably induced by small subsurface structures due to the strongly fractured underground, indicate that these subrosion structures are the main reason for the tilting of the tower. The same holds for the northern depression in the N-S trending profile S2, which is located 5 m east of the tower (Fig. 11c, S2 as the one in section S1, but viewed from another direction. The diffractions in both sections imply small-scale structures in the subsurface at depths of 40 m and below e.g. a fractured underground/strata, faults or cavities; the latter was drilled by the research boreholes. In section S3, there is indication of another depression structure (Fig. 11b, c, S3 ). It is located 15 m south of the church with an extent of ca. 30 m and a depth of ca. 20 m.
Section S4 shows a different image of the subsurface compared to the other seismic sections (Fig. 11c, S4 ). The section does 15 not show depression structures in the near-surface, and low-velocity zones or large diffractions are also missing. Instead the main features of S4 are southward-dipping reflectors that represent a listric normal fault.
Discussion
Carrying out seismic surveys in an urban environment is always a challenge due to traffic passing, noise from construction sites and any other type of industrial noise. These factors lead to many interruptions of the surveys in Bad Frankenhausen. Two 20 ways to reduce these disturbances would be road closure or night surveys. Due to the average profile length of only 8 m and sufficient time schedule these options were not used.
Another problem are densely built-up areas with limited space, like the medieval center of Bad Frankenhausen. In addition, the ground conditions differ from unpaved soil to paved soil to streets consisting of asphalt, concrete or cobblestone. The equipment used was accordingly adjusted to meet these special requirements.
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Different seismic sources are generally available, e.g. explosive charges, hammer blows or weight drops, but these are not applicable in Bad Frankenhausen due to the lack of space and/or the resulting damage of the surface (Drijkoningen, 2003) .
For that reason the micro-vibrator ELVIS, which was developed at LIAG, was used for the seismic surveys (Fig. 6 ). Another advantage of the vibroseis technique is that, compared to impulse sources, the emitted high-precision frequency-modulated signal generates a repeatable and consistent wavelet (Klauder et al., 1960; Goupillaud, 1976; Nijhof et al., 1998; Drijkoningen, 30 2003).
The data processing here was based on general processing procedures as described by Krawczyk et al. (e.g. 2012) and Pugin et al. (2013a) . Additionally, spectrum balancing was applied to improve the vertical resolution. Velocity analysis was Solid Earth Discuss., doi :10.5194/se-2016-91, 2016 Manuscript under review for journal Solid Earth Published: 1 July 2016 c Author(s) 2016. CC-BY 3.0 License. a difficult task, because reflection hyperbolas were barely visible, due to the discontinuous reflectors and weak reflection patterns (Fig. 10a) . Additionally, an often observed decrease of the interval shear-wave velocities in the shallow subsurface in the uppermost 1000 ms TWT indicated low-velocity zones resulting in lateral and vertical velocity variations of an average value of 100 m s −1 (Fig. 10b) . These velocity variations and the low-velocity zones also impaired the depth conversion process.
To prevent imaging artifacts, simplified 1D velocity profiles derived from the 2D velocity fields were used.
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The discontinuous reflection patterns, the partly low amplitudes and the low-velocity zones indicate the formation of fractures, faults (Fig. 11c) , and probably cavities leading to lower density and higher porosity values. The formation of these structures is mainly caused by leaching processes in the subsurface. The voids or the disturbances of the wavefield caused by the voids and other small structures are detectable by e.g., the presence of diffractions within the unmigrated sections (Fig. 10a) , if the size of the scatterer is smaller than the wavelength of the seismic signal. The voids also have an effect on the surround- , as derived from laboratory experiments (Brückl et al., 2005; Mielsch & Priegnitz, 2012) . Wave propagation within an intact rock is faster than a rock with fractures, faults and 15 cavities, due to their disturbing effect on the wavefield (Barton, 2007) . The observed velocities of the four seismic sections here, which contain a mixture of anhydrite and gypsum, are slower with a maximum value of ca. 580 m s −1 (Fig. 10b) , because the strata is strongly fractured.
Fractures range in size from microcracks (up to a few micrometers) to faults (up to hundreds of km in length and tens of km in depth), and there are always smaller fractures present than those imaged in the seismic sections. The horizontal resolution 20 is determined by the radius of the Fresnel zone, the smaller the zone the higher the resolution. The radius of the Fresnel zone is determined by the wavelength, which depends on the central frequency and the velocity of the seismic wave. As a result, a high frequency and a slow seismic velocity will lead to a smaller wavelength and therefore to an improved resolution (Brückl et al., 2005) . The strongly fractured strata/underground below Bad Frankenhausen and the unconsolidated sediments at the near-surface result in slow seismic velocities between 160 and 580 m s This results in high-resolution imaging of the shallow subsurface with a resolution of less than 1 m in depths down to ca. 15 m and a resolution of ca. 2-3 m in 50 m depth. Boadu & Long (1996) found that seismic amplitudes and phases change at fractures, depending on the fracture parameters, such as fracture length and fracture spacing. Only part of the energy is reflected at the fault itself and the rest is either scattered 30 or guided by the fracture. This results in a loss of reflected energy and a reduced amplitude size; this effect is less pronounced for lower frequencies (L'Heureux et al., 2009) . This is the case here (Fig. 10) , where many small structural features induce scattering.
Depressions are visible in the seismic sections S1, S2 and S3 (Fig. 11) . The tilting of the church tower and the subsidence of the surface are associated with the subrosion structures seen in S1 and S2 (Fig. 10, 11 ). Seismic section S2 shows a depression Solid Earth Discuss., doi:10.5194/se-2016 Discuss., doi:10.5194/se- -91, 2016 Manuscript under review for journal Solid Earth Published: 1 July 2016 c Author(s) 2016. CC-BY 3.0 License. structure below the Schwedengasse. Additionally, in a small area between the church and the Schwedengasse road, ca. 10 m north of the eastern end of profile S3, slight subsidence of the surface is visible. This is also the case in the eastern part of section S3. Probably a new depression structure is forming at this location and is proceeding to the surface. For further observation of the evolution of this structure repeated LiDAR scans of this area are planned. Such sagging of layers and upward migration of voids were also shown by Miller & Millahn (2006) and McDonnell et al. (2007) To interpret the structures imaged by profile S4, the results of outcrop investigations, geological mapping (Schriel & Bülow, 1926a, b) , and research and exploration boreholes were taken into consideration (Figs. 1, 11 ). These geological investigations indicate a west-to-east striking northward-dipping thrust fault at the southern margin of the Kyffhäuser, also known as the Kyffhäuser-Southern-Margin Fault (KSM Fault). The Zechstein deposits of the Werra-, Staßfurt-and Leine Formations have 10 been thrusted along this fault, which is probably an important pathway for water to leach the Zechstein deposits. Similar observations of leaching processes were made by Abelson et al. (2003) and Frumkin et al. (2011) along the western Dead Sea shoreline, where a rift valley that features several normal faults was identified as a possible water pathway. The imaging of the KSM Fault at depth of ca. 347 m was not possible because of the limited investigation depth of the used equipment and the survey configuration. Instead another, so far unknown fault is imaged on profile S4 and also by a P-wave profile carried out 15 along the same track. The visible structure is a southward-dipping listric normal fault and it can be observed down to a depth of ca. 120 m in the shear wave section (Figs. 10, 11 ) and down to ca. 350 m depth in the P wave section (Wadas et al., 2016) .
The observations in Bad Frankenhausen can be compared with the results of other studies, which have determined seismic velocities in the context of characterizing subrosion-induced structures, but with a lower resolution. P-wave refraction seismics has been used to detect the subsurface velocity structure, and the inversion of surface waves to calculate shear wave velocities.
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In the refraction seismics strong lateral variations of the velocities and zones with decreased seismic velocities are shown that are associated with salt dissolution (e.g., Karaman & Karadayilar, 2004; Dobecki & Upchurch, 2006) . With a resolution of 15 to 20 % of the investigated depth (Briaud, 2013) , this technique has a lower resolution with respect to the shear wave reflection method. Especially shear wave velocities are of importance, because of their relationship to the shear modulus, which is an indication of the stiffness of subsurface rocks. Therefore low-velocity zones could be used to determine hazard-prone areas 25 and this will be further investigated by future work.
The inversion of Rayleigh surface waves helps to deliver shear wave velocities (e.g. using the Multichannel Analysis of Surface Waves (MASW)). Some studies (Debeglia et al., 2006; Dobecki, 2010) revealed vertical and in particular lateral variations in the subsurface with low-velocity zones associated with loosening of shallow sediment layers during the formation of voids and the development of sinkholes. This correlates with the results of this study (Fig. 10) . The advantages of the 30 MASW method are less acquisition and processing time compared to active shear wave reflection seismics. The disadvantages of MASW are the lower penetration depth, the inferior vertical and lateral resolutions (Ismail et al., 2014) , and that the method is based on a 1D inversion process leading to smearing effects in 2D (Park & Taylor, 2010) . If only an overview of the velocities is required Rayleigh surface wave inversion is a valuable tool to estimate the ground stability. For a detailed analysis the use of shear wave reflection seismics is recommended. As shown, even in urban areas this method delivers a high-resolution image Solid Earth Discuss., doi :10.5194/se-2016-91, 2016 Manuscript under review for journal Solid Earth Published: 1 July 2016 c Author(s) 2016. CC-BY 3.0 License. of both the structures and the shear wave velocities in the near-surface (Polom et al., 2010; Krawczyk et al., 2012; Pugin et al., 2013b) . In this study, we provide images down to a depth of ca. 100 m with a resolution of less than 1 m in the shallow subsurface.
Summary and Outlook
In this study we show the potential of shear-wave reflection seismics to identify subrosion-induced structures in the near- 1. laterally and vertically variable reflection patterns caused by strongly heterogeneous strata, 2. discontinuous reflectors, small-scale offsets and small normal faults, which were caused by a strongly fractured strata A previously undiscovered southward-dipping listric normal fault was found northward of the church. This fault probably serves as a main pathway for water to leach the Zechstein Formations below the church leading to the tilting of the tower.
Future work will comprise advanced data processing such as pre-stack migration, and additional shear wave reflection seis-20 mic surveys in Bad Frankenhausen. In order to compare the results from Bad Frankenhausen, seismic surveys in Schmalkalden in southern Thuringia, another area affected by subrosion, are planned.
Data availability
The seismic data, which was used in this paper, is the property of LIAG. The data is available from the authors upon request.
Please contact the first author (Sonja Wadas) for details. Table 2 . Overview of the general processing sequence applied to the shear-wave reflection seismic data. Most of the processes were carried out iteratively. They are all individualized for differing data quality of the four profiles.
Processing step Parameter
Geometry check Manual correction of geodetic data to eliminate errors caused by DGPS reference points (mean errors are 5 cm for S1, 8 cm for S2, 2 cm for S3 and 5 cm for S4)
Quality control Examination of seismic data 
